RhoA and its downstream target Rho kinase regulate serum response factor (SRF)-dependent skeletal and smooth muscle gene expression. We previously reported that long-term serum deprivation reduces transcription of smooth muscle contractile apparatus encoding genes, by redistributing SRF out of the nucleus. Because serum components stimulate RhoA activity, these observations suggest the hypothesis that the RhoA/Rho kinase pathway regulates SRF-dependent smooth muscle gene transcription in part by controlling SRF subcellular localization. Our present results support this hypothesis: cotransfection of cultured airway myocytes with a plasmid expressing constitutively active RhoAV14 selectively enhanced transcription from the SM22 and smooth muscle myosin heavy chain promoters and from a purely SRF-dependent promoter, but had no effect on transcription from the MSV-LTR promoter or from an AP2-dependent promoter. Conversely, inhibition of the RhoA/Rho kinase pathway by cotransfection with a plasmid expressing dominant negative RhoAN19, by cotransfection with a plasmid expressing Clostridial C3 toxin, or by incubation with the Rho kinase inhibitor, Y-27632, all selectively reduced SRF-dependent smooth muscle promoter activity. Furthermore, treatment with Y-27632 selectively reduced binding of SRF from nuclear extracts to its consensus DNA target, selectively reduced nuclear SRF protein content, and partially redistributed SRF from nucleus to cytoplasm, as revealed by quantitative immunocytochemistry. Treatment of cultured airway myocytes with latrunculin B, which reduces actin polymerization, also caused partial redistribution of SRF into the cytoplasm. Together, these results demonstrate for the first time that the RhoA/Rho kinase pathway controls smooth muscle gene transcription in differentiated smooth muscle cells, in part by regulating the subcellular localization of SRF. It is conceivable that the RhoA/Rho kinase pathway influences SRF localization through its effect on actin polymerization dynamics. (Received in original form October 4, 2002 and in revised form December 25, 2002) *These authors contributed equally to the work presented in this article.
The Rho GTPases, including RhoA, Rac1, and Cdc42, activate downstream targets that regulate cell morphology, cytoskeletal microfilaments and focal adhesion formation, cell motility, and smooth muscle contraction (1) (2) (3) (4) (5) (6) (7) (8) . Rho GTPases can also influence transcription of immediate early genes (9) (10) (11) (12) , of skeletal muscle actin (13) , and of smooth muscle contractile apparatus-encoding genes (14) , through pathways that lead to activation of serum response factor (SRF). SRF is a nuclear protein that binds to its DNA target sequence (the "CArG box," CC[A/T] 6 GG) in the regulatory regions of these and a number of other striated and smooth muscle-specific contractile apparatus encoding genes, and so activates their transcriptional expression. Previously, we found that the transcription-promoting activity of SRF can be controlled physiologically through regulated nuclear localization (15) . In long-term serum-deprived airway myocytes, SRF was redistributed out of the nucleus and into the cytoplasm, resulting in selective reduction of SRF-dependent smooth muscle gene transcription. The mechanisms that regulate SRF nuclear trafficking remain largely unknown (16) (17) (18) .
In the present study, we tested the hypothesis that RhoA and its downstream target, Rho kinase, control smooth muscle contractile apparatus gene transcription in part by regulating the subcellular localization of SRF. We formulated this hypothesis by reasoning that: (i) RhoA and Rho kinase regulate SRF-dependent gene transcription in vascular smooth muscle (14) and in other systems (9) (10) (11) (12) (13) (19) (20) (21) (22) , through a mechanism that depends upon actin cytoskeletal dynamics (23, 24) ; (ii) long-term serum deprivation redistributes SRF out of the nucleus of cultured airway myocytes (15) ; and (iii) because serum components activate RhoA activity, perhaps changes in RhoA/Rho kinase pathway activity also regulate SRF subcellular localization and so also influence SRFdependent smooth muscle contractile apparatus gene expression. Our results confirm that this mechanism does operate in airway myocytes, and thereby disclose a previously unknown role for this important signaling pathway.
Materials and Methods

Cell Culture
Canine tracheal myocytes were grown on uncoated plastic dishes or glass coverslips (15, 25) , and were studied at passage 1 or 2. Serum-fed myocytes were maintained in Dulbecco's modified Eagle's medium:F-12 (1:1) plus 10% fetal bovine serum, 0.1 mM nonessential amino acids, 50 U/ml penicillin, and 50 g/ml streptomycin. Serum-deprived cells were grown to confluence, then maintained for 1-2 d in serum-free Dulbecco's modified Eagle's medium:F-12 containing 5 g/ml insulin, 5 g/ml transferrin, and 5 ng/ml selenium, as well as nonessential amino acids and antibiotics as above. In some experiments, the specific Rho kinase inhibitor, Y-27632 (10 M; kindly provided by Welfide Corporation) (26, 27) , was added to culture medium continuously within 24 h after plating at low density, as cells grew to near confluence, and during 1-2 d subsequent serum deprivation.
Plasmids
Promoter reporters. In pSM22luc, transcription of the luciferase cDNA in pGL2basic (Promega Corporation, Madison, WI) is directed by bp Ϫ445 to ϩ41 of the mouse SM22 gene (28) . In p5xCArGluc, luciferase expression is directed by an artificial promoter containing five copies of the SRF binding site (CC[A/T] 6 GG) upstream of a minimal TATA box (Stratagene, La Jolla, CA). In psmMHCluc, 3.3 kb of human smooth muscle myosin heavy chain (smMHC) promoter drive luciferase expression (15) . pMSVluc and pMSV␤gal, in which the viral MSV-LTR promoter controls luciferase or ␤-galactosidase expression, have been described previously (28, 29) . In p4xAP2luc, four copies of the human keratin K14 promoter sequence, which contains an AP-2 binding site, were cloned upstream of the minimal K14 promoter in the K14mpLuc vector (15) .
RhoA pathway modulators. Plasmids pEVX-RhoAV14 and pEVX-RhoAN19 (13), which express the constitutively active V14 and dominant-negative N19 mutants of RhoA, respectively, were kindly provided by Dr. A. Hall, as was pRK5-myc, which expresses the C3 exotoxin of Clostridium botulinum (30) . All plasmids were purified on CsCl gradients before transfection.
Transfections
Transient transfection of plasmids was accomplished with cationic lipids (Lipofectamine; Invitrogen Corporation, Carlsbad, CA). Subconfluent myocytes in 6-well plates were transfected for 5 h in Optimem (Invitrogen Corporation) with 12 g Lipofectamine and 1.2 g DNA, including 0.6 g luciferase reporter plasmid, 0.6 g pMSV␤gal (used to normalize transfection efficiency), and 0-25 ng plasmid encoding modulators of the RhoA pathway (total DNA was held constant with empty pEVX vector). Myocytes were refed with 10% fetal bovine serum containing medium for another 19 h after transfection, and thereafter were placed in serum-free medium for an additional 24 h. In some experiments, the specific Rho kinase inhibitor, Y-27632 (10 M) was added to serum-free medium; in these and in corresponding untreated wells, 50 ng pcDNA3.1 were also included in the transfection. In the above experiments, cells were harvested 48 h after transfection for measurement of luciferase and ␤-galactosidase activities, and luciferase activity was normalized to ␤-galactosidase activity for each well (28, 29) . In additional experiments, latrunculin B (0.5 M) in serum-containing medium was added after 6 h transfection, and cells were harvested after 12 h latrunculin exposure. In all experiments, normalized luciferase activities from triplicate wells were averaged to provide the datum; experiments were repeated three to seven times, and the average (Ϯ SEM) shown.
Preparation of Nuclear, Cytoplasmic, and Whole Cell Extracts
Canine tracheal myocytes were plated at 15-30% confluence, grown to confluence in serum-containing medium, then serumdeprived for 2 d as described above. Whole cell extracts were prepared from similarly treated cultures using the methods previously reported (31) . In some studies requiring isolation of nuclear lysates, 10 M Y-27632 was included throughout growth and serum-deprivation periods. In other experiments, nuclear extracts were prepared from serum-fed myocytes pretreated with latrunculin B (0.5 M) for 0, 6, or 12 h, and soluble cytoplasmic lysates were also collected and stored.
Nuclear and cytoplasmic extracts were prepared from myocytes after 2 d serum deprivation using a method modified from that described by Dignam and coworkers (32) . Cells were harvested from cell culture using 0.5% trypsin-0.53 mM ethylenediamine tetraacetic acid (EDTA) and scraping. All subsequent steps were performed at 4ЊC using ice-cold reagents. Cells were pelleted by centrifugation (10 min, 800 ϫ g ), resuspended again in 5 vols of ice cold phosphate-buffered saline, and re-centrifuged. The resulting pellet was gently resuspended in five packed cell volumes of hypotonic Buffer A (in mM: 10 HEPES pH 7.9, 1.5 MgCl 2 , 10 KCl, 0.5 DTT, 0.5 PMSF) and incubated for 10 min. Ruptured cells were collected by centrifugation (10 min, 800 ϫ g ); the supernatant was carefully aspirated and retained as a crude cytosolic lysate for subsequent analysis of soluble protein content; protease inhibitors (leupeptin, antipain, chymostatin, and pepstatin A, 5 g/ml each; Sigma, St. Louis, MO) were added, and aliquots were frozen Ϫ80ЊC until use. The remaining pellet was resuspended in two packed cell volumes of Buffer A, then nuclei were further separated from adherent cytosolic components using 10 gentle strokes of a glass Dounce homogenizer (#885303-0007 with Type B pestle; Kontes, Vineland, NJ). Cell disruption and nuclear integrity was confirmed by visual inspection under a phase contrast microscope, then nuclei were collected by centrifugation (10 min, 800 ϫ g ). The pellet was carefully transferred to an Oakridge centrifuge tube and centrifuged (20 min, 25,000 ϫ g ). Supernatant was carefully removed and the remaining nuclear pellet was resuspended in two packed cell volumes of Buffer C (in mM: 20 HEPES pH 7.9, 1.5 MgCl 2 , 420 NaCl, 0.5 DTT, 0.5 PMSF, and 25% glycerol), then further disrupted using a glass Dounce homogenizer with Type B pestle and gently shaken for 30 min. The crude nuclear lysate was centrifuged (30 min, 25,000 ϫ g ) and the supernatant was dialyzed with Buffer D (in mM: 20 HEPES pH 7.9, 100 KCl, 0.2 EDTA, 0.5 DTT, 0.5 PMSF, and 20% glycerol) overnight using dialysis membrane (12-14 kD exclusion; Invitrogen). Protease inhibitors (leupeptin, antipain, chymostatin, and pepstatin A, 5 g/ml each; Sigma) were added to the nuclear extract, and aliquots were frozen Ϫ80ЊC until use.
Electrophoretic Mobility Shift Assay
Double-stranded DNA fragments harboring the sequences of interest were prepared by annealing complementary synthetic oligonucleotides, and were end-labeled with T4 polynucleotide kinase and [␥-32 P]ATP. CArG-box-containing oligonucleotides encompassed the 5Ј (5Ј-GCTGCCCATAAAAGGTTTTTG-3Ј) or 3Ј (5Ј-CTTTCCCCAAATATGGAGCCTG-3Ј) CArG boxes (underlined) of the mouse SM22 promoter. An oligonucleotide harboring an AP2 binding site (5Ј-TCGAACTGACCGCCCGCGGCC CGT-3Ј) was also used. 20,000 dpm (1-5 fmol) radiolabeled oligonucleotide were pre-incubated for 15 min with 1.5 l binding buffer (50 mM Tris HCl pH 7.5, 20% Ficoll, 375 mM KCl, 5 mM EDTA, 5 mM DTT) and 1 g poly (dI-dC). When indicated, 200-fold molar excess of unlabeled competitor oligonucleotide (identical to probe, or containing a myb binding site, 5Ј-TACAGGCATAAC GGTTCCGTAGTG-3Ј) was added. For supershift experiments, 3 g of antibody were added to the incubation mixture; supershift antibodies included anti-SRF, anti-AP2␣, anti-AP2␤, and anti-AP2␥ (all from Santa Cruz Biotechnology, Santa Cruz, CA) or anti-IL5 (provided by Searle Laboratories), used as a negative control. Binding reactions (3-6 g nuclear extract protein) were performed at room temperature in 15 l for 30 min. DNA-protein complex formation was analyzed by electrophoresis on 5% nondenaturing polyacrylamide gels in TBE buffer and autoradiography.
Western Analysis
Nuclear extracts or total cell lysates from 2 d serum-deprived myocytes with or without Y-27632 treatment were resolved using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. SRF and AP2 protein level were detected as ϳ 67 kD and ϳ 50 kD bands using anti-SRF (Santa Cruz Biotechnology) and anti-AP-2␣ primary antibodies (Santa Cruz Biotechnology), respectively, horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody, and enhanced chemiluminescence reagents (Amersham Biosciences, Piscataway, NJ). Western analysis of SRF and AP2 protein levels was also performed on nuclear extracts and cytoplasmic proteins obtained from serum-fed myocytes exposed to latrunculin B for 0-12 h.
Quantitative Immunocytochemistry
Cellular localization of SRF was identified by immunocytochemistry performed as previously described (15), and the subcellular distribution of SRF was quantified as follows. Airway myocytes were cultured from two different dogs. Cells from each dog were passaged onto four coverslips; two coverslips from each dog were treated with Y-27632 as above and two coverslips were untreated, but otherwise handled identically. Coverslips were immunostained for SRF (Santa Cruz primary antibody; fluorescein isothiocyanate [FITC]-conjugated secondary antibody) and nuclei were counterstained with propidium iodide, then two randomly chosen fields on each coverslip were imaged by laser scanning confocal microscopy (Olympus, Melville, NY). Stacks of multiple planar images (ϫ100) in each field were collected at 0.5 m spacing; we found that the entire cell height for every cell in each field was encompassed in 4-7 stacked images, which were analyzed for SRF subcellular distribution. Nuclear compartments of all the cells in each image of each field were identified by positive propidium iodide staining, and regions of interest were drawn to identify these nuclear compartments (there were 7-25 nuclear regions in each image). SRF fluorescence intensity in the cytoplasmic and nuclear compartments was measured as follows. For each image in the stack of images comprising a field, the areas (in square microns) and average FITC fluorescence intensities of the entire image and of individual nuclear compartments were measured using the UltraView Version 3.0 software package (Olympus LSR). Background fluorescence intensity (arbitrary units) was measured as the average of values from 3 acellular regions on each image, and was subtracted from all fluorescence intensity measurements to yield the corresponding SRF fluorescence intensity. Total cellular SRF content in each field was calculated by summing SRF fluorescence intensity times area (arbitrary units ϫ sq. microns) across all images in the field, and the corresponding nuclear SRF content was calculated from the sum of products of SRF fluorescence times nuclear compartment area, including all nuclear compartments within each image. The percent nuclear SRF for each field was then calculated as nuclear SRF content/total cellular SRF content ϫ 100. Percent cytoplasmic SRF for each field was calculated as 100 minus percent nuclear SRF. Eight fields were analyzed for each condition (2 dogs ϫ 2 coverslips/dog ϫ 2 fields/coverslip for each condition); results from each field were treated as independent data points.
In additional experiments, we determined the ratio of filamentous (F) to globular (G) actin ratio using quantitative fluorescence Figure 1 . Overexpression of constitutively active RhoAV14 increases transcription from the SRF-dependent SM22, smMHC, and 5xCArG promoters in a dose-dependent fashion, whereas dominant-negative RhoAN19 has the opposite effect (P Ͻ 0.03 each, Kruskal-Wallis one-way ANOVA). In contrast, RhoA activity does not influence transcription from the SRF-independent MSV-LTR or 4xAP2 promoters (P Ͼ 0.48 each, Kruskal-Wallis one-way ANOVA). Amounts of RhoAV14 or RhoAN19 expression plasmids are shown in nanograms. Open bars, 0 ng; shaded bars, 10 ng; black bars, 25 ng.
imaging of cultured airway myocytes obtained from three dogs, grown on glass coverslips. Cells were untreated or treated with 0.5 uM latrunculin B, for 12 h, then fixed. We stained F-actin using Texas Red-X phalloidin (5 U/ml or 165 nM) and stained G-actin with FITC-DNase I (0.45 g/ml or 165 nM), both for 20 min at 4ЊC. Average fluorescence intensity in each field was calculated for each dye in each field, subtracting the background intensity as determined from acellular regions of the glass coverslip. A total of 12 fields were evaluated for each treatment group (2 fields/ coverslip ϫ 2 coverslips/dog ϫ 3 dogs). Figure 1 (top panel) shows the activities of the mouse SM22, human smMHC, SRF-dependent 5xCArG, MSV-LTR, and AP2-dependent 4xAP2 promoters during transient cotransfection with expression plasmid encoding the constitutively active RhoAV14. RhoAV14 more than doubled the transcriptional activities of the smooth muscle-specific SM22 and smMHC promoters in a dose-dependent fashion. Because of the central importance of SRF in activating transcription from these promoters (33) (34) (35) (36) (37) (38) (39) (40) and because RhoA has been implicated in the regulation of SRF-dependent transcription in nonmuscle cells and in vascular muscle cells, we also tested the effect of RhoA activation on transcription from the purely SRF-dependent 5xCArG promoter in air- way smooth muscle. Like its effect on the SM22 and smMHC promoters, RhoAV14 did activate the 5xCArG reporter, but it had no effect on transcription from the MSV-LTR or 4xAP2 promoters. Conversely, inhibition of endogenous RhoA activity by cotransfection with plasmid encoding the dominant negative RhoAN19 selectively reduced transcription from the SM22, smMHC, and 5xCArG promoters, but did not alter MSV-LTR or 4xAP2 activities (Figure 1, bottom panel) . Inhibition of endogenous RhoA activity by transient expression of C3 exotoxin (2 ng plasmid/well) also disproportionately reduced activities of the smooth muscle-specific and SRF-dependent promoters (Figure 2, top panel) . In light of the known requirement for SRF activity in SM22 and smMHC transcription, these data demonstrate that RhoA activity directly determines the activation of smooth muscle-specific gene transcription in cultured airway myocytes, and that it mediates this effect at least in part through changes in SRF transcription-promoting activity.
Results
SRF-Dependent Smooth Muscle Gene Transcription Varies Directly with RhoA Activity in Airway Myocytes
Rho Kinase in Part Mediates the Influence of RhoA on SRF-Dependent Smooth Muscle Gene Transcription
We used the selective Rho kinase inhibitor, Y-27632, to test the requirement for p160 ROCK in RhoA-mediated activation of smooth muscle-specific gene transcription. As shown in Figure 2 (bottom panel) , Y-27632 (10 M) decreases transcription from the SM22, smMHC, and SRF-dependent promoters (14, 41, 42) . In marked contrast, inhibition of Rho kinase activity did not alter transcription from the MSV-LTR or AP2-dependent promoters (Figure 2, bottom panel) .
Together, these data demonstrate that RhoA selectively activates SRF-dependent gene transcription in airway smooth muscle at least in part through activation of Rho kinase.
Rho Kinase Regulates SRF Subcellular Localization
Previously, we demonstrated that long-term serum deprivation of cultured airway myocytes reduces transcription from the SM22 and smMHC promoters, in part by redistributing SRF from the nucleus into the cytoplasm. Because longterm serum deprivation likely reduces activity of the RhoA/ ROCK pathway, we hypothesized that these signaling intermediates may exert their influence on SRF transcription promoting activity in part by altering its subcellular localization. We tested this hypothesis using Y-27632 to inhibit Rho kinase; treated cells were exposed to 10 M Y-27632 as they grew from 15-30% confluence through confluence, and during two subsequent days of serum deprivation. As revealed by electrophoretic mobility shift assay analysis, the binding of SRF to the 3Ј CArG box of the mouse SM22 promoter was markedly reduced in nuclear extracts from Y-27632-treated airway myocytes ( Figure 3A ; similar results were obtained for SRF binding to the 5Ј CArG box, data not shown). In contrast, Rho kinase inhibition had no effect upon or tended to increase binding of AP2 to its consensus target sequence ( Figure 3A) . To discern whether the decreased binding of SRF stems from diminished nuclear SRF protein abundance, we performed Western analysis to quantify SRF and AP2 in nuclear extracts from untreated and Y-27632-treated airway myocytes ( Figure 3B ). Y-27632 treatment reduced SRF band intensity by 39.2 Ϯ 15.2 (SEM)% (n ϭ 7, P Ͻ 0.05, paired t test), even though it simultaneously tended to increase nuclear AP2 band intensity, by 26.8 Ϯ 25.8% (n ϭ 7, P ϭ NS, paired t test). The SRF gene promoter is itself activated by SRF (43, 44) . Therefore, to test the possibility that the decrease in nuclear SRF caused by Y-27632 stems from whole-cell depletion of SRF, we directly measured total cellular SRF by Western analysis of whole cell lysates. In Y-27632-treated myocytes, there was a small and nonsignificant increase (7.0 Ϯ 17.7%; n ϭ 4, P ϭ NS, paired t test) in SRF content compared with paired, untreated myocyte cultures; this finding therefore excludes the stated possibility. Finally, we used laser scanning confocal microscopy to quantify SRF throughout the entire nuclear or cytoplasmic compartments of Y-27632-treated or untreated airway myocytes ( Figure 4) ; note that use of such volumetric quantification of nuclear SRF and of cytoplasmic SRF negates any potential influence of the cell shape change per se that accompanies Rho kinase inhibition (Figure 4 ). These studies demonstrated that 51.5 Ϯ 2.3% of total cellular SRF resides within the nucleus of untreated cells, whereas only 27.9 Ϯ 1.0% of total cellular SRF is found in the nucleus of Y-27632-treated myocytes (n ϭ 8 random fields/condition; P Ͻ 0.001, unpaired t test). Conversely, the cytoplasmic fraction of SRF increased from 48.5% in untreated cells to 72.1% in Y-27632-treated myocytes. Note that the effect of Y-27632 treatment on change in nuclear SRF content appeared roughly similar when assessed using quantitative immunocytochemistry (45.8%) or Western analysis of nuclear extracts (39.2%). Together, these data suggest that the RhoA/Rho kinase pathway alters SRF-dependent gene transcription in airway smooth muscle in part by regulating SRF subcellular localization.
Latrunculin B Also Partially Redistributes SRF out of the Nucleus
The RhoA/ROCK pathway is a prominent regulator of actin cytoskeletal dynamics; inhibiting RhoA/ROCK activity leads to diminished actin polymerization. Other interventions that oppose actin polymerization (but which act independent of the RhoA/ROCK pathway) similarly inhibit SRF-dependent gene transcription; among these has been treatment with latrunculin, which binds to and stabilizes depolymerized actin molecules, preventing their incorporation into F-actin. Together with our results above, these findings suggested the possibility that the RhoA/ROCK pathway might influence its effect on SRF subcellular localization through its effect on actin dynamics. To test this possibility, we first confirmed that latrunculin B treatment leads to actin filament depolymerization in our cultured airway myocytes, using quantitative fluorescence microscopy. As anticipated, we found that latrunculin B significantly reduced F/G actin ratio from 31.2 Ϯ 24.7 (SD) (arbitrary units) to 11.4 Ϯ 6.1 (SD) (P Ͻ 0.001, Mann-Whitney rank sum test). Next, we performed Western analysis of nuclear and cytoplasmic fractions of serum-fed confluent myocytes treated with latrunculin B. As shown in Figure 5 , latrunculin B exposure lowered nuclear SRF content, whereas it increased cytoplasmic SRF content. Thus, inhibition of actin polymerization appears sufficient to influence SRF subcellular localization. Finally, we compared the influence of latrunculin B treatment of airway myocytes from three different dogs on transcription from artificial SRF-dependent (5xCArG), AP2-dependent (4xAP2), and viral MSV promoters. Similar to Y-27632, latrunculin treatment decreased transcription from all three promoters, but its influence on SRF-dependent transcription (78 Ϯ 4.1 [SD]% reduction) was significantly more marked (P ϭ 0.015, ANOVA for repeated measures) than on AP2-dependent (56.9 Ϯ 4.2% reduction) or MSV-LTR-dependent (49.4 Ϯ 9.6% reduction) transcription.
Discussion
Results of this study disclose a novel mechanism through which the RhoA/Rho kinase intracellular signaling pathway may in part control gene transcription in differentiated smooth muscle cells: by regulating the subcellular localization of serum response factor, a critical activator of a variety of muscle-specific and immediate early genes. We found that increasing the intracellular activity of RhoA in cultured airway myocytes, by cotransfection with an expression plasmid encoding a constitutively active mutant of RhoA (RhoAV14), selectively enhanced transcription from the SM22 and smMHC promoters and from a purely SRFdependent promoter (5xCArG), but had no effect on transcription from the MSV-LTR promoter or from an AP2-dependent promoter (4xAP2) (Figure 1) . Conversely, inhibition of RhoA or of its downstream effector, Rho kinase, by cotransfection with a plasmid expressing a dominantnegative mutant of RhoA (RhoAN19), by cotransfection with a plasmid expressing C3 toxin from C. botulinum, or by incubation with the Rho kinase inhibitor, Y-27632, all selectively reduced SRF-dependent smooth muscle promoter activity (Figures 1 and 2) . Furthermore, treatment with Y-27632 selectively reduced binding of SRF from nuclear extracts to its consensus DNA target (Figure 3) , selectively reduced nuclear SRF protein content (Figure 3) , and partially redistributed SRF from nucleus to cytoplasm, as revealed by quantitative immunocytochemistry. Together, these results demonstrate for the first time that the RhoA/ Rho kinase pathway controls smooth muscle gene transcription at least in part by regulating the subcellular localization of SRF. Prior studies implicated Rho GTPases in the transcriptional regulation of skeletal muscle ␣-actin (13), and Rho kinase has been shown to regulate SRF activity in fibroblasts (19) . In addition, a more recent study by Mack and colleagues using vascular myocytes (14) reports generally similar activation of smooth muscle-specific gene promoters by RhoA and Rho kinase as demonstrated here. Our study extends those prior results, by disclosing a cellular mechanism through which the RhoA/Rho kinase pathway may regulate SRF-dependent gene transcription, and by confirming its relevance in living airway smooth muscle cells. It is conceivable that reduced RhoA/Rho kinase pathway activity in long-term serum-deprived airway myocytes explains their extranuclear SRF relocalization and reduced smooth muscle gene transcription (15) .
Very little is known about the nuclear trafficking of SRF. Rech and coworkers (16) and Gauthier-Rouvier and colleagues (17) identified a classical basic nuclear localization sequence (NLS) within AA 95-100 of human SRF (91-LGAERRGLKRSLSE-104; NLS boxed, basic residues bold) that is required for SRF nuclear localization (as proved through mutational analysis), and which confers nuclear localization to IgG when expressed as an SRF-NLS-IgG fusion protein. Interestingly, none of three other potential basic NLS sequences within SRF were functional. Basal protein kinase A activity was required for SRF nuclear entry, but this did not depend upon PKA phosphorylation of SRF, because mutation to alanine of the Ser101 or Ser103 residues near the NLS (within the sequence shown above) did not prevent its ability to confer nuclear import to heterologous fusion proteins. Indeed, PKA activity was also required for nuclear import mediated by the SV40 large-T NLS (which cannot be phosphorylated by PKA), suggesting that PKA exerts its influence on nuclear import in a cargo-nonspecific fashion.
No previous studies have specifically addressed the nuclear export of SRF, but it is now certain that SRF is not always localized to the nucleus. Ding and coworkers (18) recently observed cytoplasmic redistribution of SRF when cultured, nontransformed NIH3T3T cells underwent differentiation into adipocytes. In addition, those differentiated adipocytes lost the ability to increase transcription from the c-fos promoter (which relies critically on SRF binding) upon serum stimulation. Thus, exclusion of SRF from the nucleus also suppressed SRF-dependent gene transcription in NIH3T3T cells. We independently gathered strong evidence that prolonged serum deprivation of cultured airway myocytes redistributes SRF out of the nucleus, and that this redistribution suppresses SRF-dependent transcription of smooth muscle contractile apparatus-encoding genes (15) . Furthermore, Gauthier-Rouviere and colleagues (17) demonstrated that hemaglutinin-tagged SRF disappeared from the nucleus of cultured fibroblasts within 15 min of inhibiting SRF nuclear import, suggesting that active nuclear export of SRF occurs. Ultimately, it is the balance of nuclear import and nuclear export that determines the net SRF subcellular localization.
We do not yet know how the RhoA/Rho kinase pathway promotes SRF nuclear localization in differentiated airway smooth muscle cells, but recent studies implicate three potential mechanisms: 1) Enhanced nuclear import or impaired nuclear export due to protein kinase C (PKC)␣ and/ or PKCε dependent phosphorylation of SRF. Multiple studies demonstrate that RhoA functions as an upstream activator of various PKC isoforms to transduce a variety of external signals (45) (46) (47) , and PKC␣, RhoA, and Rho kinase all translocate to the cell membrane simultaneously on muscarinic stimulation of vascular smooth muscle cells (48) , suggesting their interrelated co-activation. Recently, Soh and coworkers (49) demonstrated that PKC␣ and PKCε are required for RhoA-induced transcription from a mutated c-fos promoter whose serum response element bound SRF, but not Ets transcription factors. SRF contains six consensus PKC phosphorylation sites (27-TGR-29, 162-SKR-164, 199-TRK-201, 210-TGK-212, 262-TLK-264, and 504-STK-506), and so it is conceivable that PKC␣ and/or PKCε phosphorylate SRF directly, thereby modifying its NLS or NES function. 2) Enhanced nuclear retention attributable to increased complexing with p300/CBP. Prior reports indicate that p300 interacts with SRF (50, 51) , as it does with many other transcription factors, including HIF-1␣ (52) and GATA proteins (53) (54) (55) . In addition, p300 sequesters interferon response factor-3 (IRF-3) in the nucleus through high affinity binding (56) . Together, these findings suggest the as yet untested possibility that RhoA promotes nuclear retention by increasing affinity of SRF for p300. 3) Altered SRF nuclear import or export due to changes in actin polymerization. Recent studies each implicate actin polymerization in the activation by RhoA of SRF-dependent transcription in nonmuscle cells (23, 24) or rat vascular smooth muscle cells (14) . Indeed, our experiments using latrunculin B to modulate actin polymerization dynamics ( Figure 5) show that inhibition of actin polymerization is sufficient to cause partial redistribution of SRF from nucleus to cytoplasm. Thus, it seems likely that RhoA/Rho kinase-induced actin polymerization, or its consequent effects on G-actin, similarly alters the nuclear import or export of SRF, or its sequestration in cytoplasmic or nuclear compartments. The extent to which any of these mechanisms accounts for the influence of the RhoA/Rho kinase pathway on SRF subcellular localization observed here remains to be evaluated more fully.
Two recent reports confirm that entry of SRF into the nucleus is required for differentiation of smooth muscle cells, and that the RhoA/ROCK pathway influences SRF relocalization during differentiation. Lu and colleagues (57) showed that inhibition of Rho kinase prevented the epithelial to mesenchymal transformation and expression and nuclear localization of SRF that occur during development of coronary arterial myocytes, whereas Beqaj and coworkers (58) noted that high RhoA activity promotes the exclusion of SRF from the nucleus of undifferentiated mesenchymal precursors of smooth muscle myocytes. The results of our present study extend those reports, by demonstrating that the RhoA/Rho kinase pathway controls the subcellular distribution of SRF in differentiated smooth muscle cells, in a way that could at least in part explain the influence of this pathway on SRF-dependent transcription.
Results of the present study could have potential medical implications, because they suggest a possible strategy for inhibiting contractile apparatus protein accumulation in smooth muscle: by suppressing SRF-dependent smooth muscle gene transcription through inhibition of the RhoA/ Rho kinase pathway. Several important diseases involve aberrant contraction of smooth muscle, including asthma and pulmonary hypertension. Conceivably, suppressing contractile apparatus accumulation in airway or pulmonary vascular smooth muscle could inhibit contraction of smooth muscle in these structures, and so inhibit the obstruction to airflow or pulmonary blood flow that characterizes these diseases. The potential for this therapeutic approach may be of interest for future study.
